Background/Aims: Increasing evidence has indicated that Forkhead box protein C2 (FOXC2) plays an important role in carcinogenesis. However, the expression and the role of FOXC2 in hepatocellular carcinoma (HCC) have not been extensively studied. Methods: FOXC2 expression was analyzed by quantitative real-time polymerase chain reaction, Western blot analysis and immunohistochemistry in HCC tissue and cells. The relationship between FOXC2 expression and patient clinical significance and survival were assessed by Pearson's correlation and Kaplan-Meier analysis, respectively. Cell proliferation assays, colony formation assays, flow cytometric analysis and Transwell assays were employed to measure the effects of FOXC2 on HCC cells in vitro. Results: The expression of FOXC2 was increased in HCC tissue, and high FOXC2 expression was associated with worse patient survival. Knockdown of FOXC2 inhibited HCC cell growth, migration, and invasion in vitro, as well as tumor growth. Furthermore, we found that activation of AKT-mediated MMP-2 and MMP-9 was involved in FOXC2 promoting an aggressive phenotype. Conclusions: Taken together, these findings demonstrate that FOXC2 is upregulated in HCC tissue and is associated with tumor size, vascular invasion and advanced TNM stage. Further investigation suggested that FOXC2 may play a vital role in promoting proliferation and invasion in HCC and serves as a novel therapeutic target in HCC.
Introduction
Human hepatocellular carcinoma (HCC) is the fifth most common malignant tumor and the third most prevalent cause of cancer-related mortality globally, especially in East Asia and sub-Saharan Africa [1] [2] [3] . In spite of major improvements in early detection, liver surgical resection, and adjuvant therapy, HCC patients still experience high rates of recurrence and poor prognosis, mainly due to the high invasion and metastatic capacities of these cancer cells [4] [5] [6] [7] . Molecular studies have revealed a large number of genetic alterations that lead to HCC; however, precise mechanisms responsible for the occurrence and progression of HCC still remain poorly understood [8] [9] [10] . Therefore, it is critical to elucidate the mechanisms underlying prognosis prediction as well as novel therapeutic strategies.
Forkhead box C2 (FOXC2), a member of the FOX transcription factor superfamily of proteins, was first identified in mice during embryogenesis [11] . Accumulating evidence has shown that FOXC2 is involved in tumor cell proliferation, invasion, differentiation, and cisplatin-resistance [12] [13] [14] [15] . In extrahepatic cholangiocarcinoma, FOXC2 acts as an oncogene by regulating the ability to migrate and invade with concomitant upregulation of N-cadherin, MMP-2 and Ang-2, and high FOXC2 expression is associated with a shorter duration of recurrence-free survival and poor prognosis [13] . In colorectal cancer, FOXC2 was found to be upregulated in colorectal cancer tissues and high FOXC2 expression was correlated with aggressive phenotypes and poor survival of patients with colon cancer [14] . FOXC2 was reported to be upregulated in CDDP-resistant ovarian cancer cells and knockdown of FOXC2 could reduce the capacity of migration, invasion, and attachment of a CDDP-resistant ovarian cancer cell reverse epithelial-mesenchymal transition (EMT) phenotype [15] . However, whether FOXC2 participates in the malignant phenotype in HCC remains unclear and needs to be further explored.
In this study, we investigated the expression pattern and potential role of FOXC2 in the progression of HCC. Our results suggest that FOXC2 expression is significantly upregulated in HCC tissue when compared with matched adjacent normal tissues, and high expression levels of FOXC2 is associated with worse outcomes in HCC patients. Furthermore, we also explored the role of FOXC2 in HCC cell biological functions and the underlying molecular mechanisms.
Materials and Methods
Tissue samples A total of 84 tumor tissues and matched adjacent tissues were collected from patients undergoing surgical resection at the Department of Hepatobiliary Surgery, Fuzong Clinical Medical College of Fujian Medical University, between Oct 2008 and May 2011. All HCC patients were histologically diagnosed by staining with hematoxylin and eosin (H and E) by two independent histopathologists. None received any anti-tumor treatment prior to surgery. Written informed consent was obtained from all enrolled patients, and the study was approved by the ethics committee of Fujian Medical University.
Immunohistochemical staining (IHC)
IHC staining was performed using a standard streptavidin-biotin-peroxidase complex method as previously described [16] . In brief, paraffin sections were deparaffinized and hydrated. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide (H2O2) for 15 min. Antigen was retrieved by microwaving sections for 10 min in 10 mM citrate buffer (pH 6.0). Next, tumor sections were incubated with FOXC2 primary antibody (1:100, Cell Signaling Technology, Boston, USA) at 4°C overnight in a humidified chamber. After washing, the slides were incubated with horseradish peroxidase-conjugated anti-goat antibody (DakoCytomation, Carpentaria, CA, USA) at room temperature for 30 min. 3, 5-diaminobenzidine (DAB) substrate was used to visualize color development followed by Mayer's hematoxylin counterstaining. Negative control slides that omitted the primary antibodies were included in all assays.
For the IHC score, the expression level was independently assessed by two independent pathologists, according to the proportion and intensity of positive cells. The intensity of staining was scored from 0 to 3, representing negative (-), weak (+), moderate (++) and strong (+++) staining, and the extent of staining was scored as 0 (0-25%), 1 (26-50%), 2 (51-75%), and 3 (76-100%). The final quantitation of each sample was obtained by multiplying the two scores. 
Cell culture
The human HCC cell lines (SMMC-7721, HepG2, Hep3B, and MHCC-97H), and an immortalized hepatic epithelial cell line, LO2, were obtained from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and routinely maintained in high-glucose DMEM (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Life Technologies, Grand Island, NY, USA) in a humidified incubator at 37°C under 5% CO2.
RNA isolation and quantitative real-time PCR
Total RNA was extracted from HCC and adjacent tissues or cells using TRIzol (Invitrogen) following the manufacturer's instructions. cDNA was then reverse-transcribed from 500 ng of RNA using a Prime Script™ RT-PCR kit (Takara Biochemicals, Tokyo, Japan) on an ABI-9700 (Applied Biosystems). Quantitative real time PCR was performed using SYBR® Premix Ex Taq™ II (Takara) in an ABI PRISM®7900HT Real-Time PCR System. The primers used for qRT-PCR detection included human FOXC2 forward, 5′-CCTCCTGGTATCTCAACCACA-3′, and reverse, 5′-GAGGGTCGAGTTCTCAATCCC-3′. Human GAPDH, forward, 5′-GGTGAAGGTCGGAGTCAACG-3′, and reverse, 5′-ACCATGTAGTTGAGGTCAATGAAGG-3′. Relative mRNA expression levels were calculated by the 2 -∆∆Ct rate method and were normalized to the internal control of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH was used as internal control.
Construction of vectors and stable transfection of HCC cells
The short hairpin RNA (shRNA) sequences targeting FOXC2 were designed and constructed by GenePharma Co.,Ltd (Shanghai, China). The shRNA target sequence of human FOXC2 was subcloned into the lentiviral vector pLKO.1-TRC cloning vector (Sigma, St Louis, MO, USA). A PLKO.1-scramble (SCR) with limited homology with any known sequences in humans was used as a negative control. Hep3B and MHCC-97H cells were transfected with the shFOXC2 vector or SCR. The stably transfected cells were selected using 2 ug/ml puromycin (Sigma) 48 h later.
CCK-8 cell viability assay and colony formation assay
For the cell viability assay, cells were plated into a 96-well plate at 3×10 3 cells per well in triplicate with 100 µl cultured medium. Ten μl of cell counting kit-8 (CCK8, Dojindo) was added into each well at 24, 48, 72, and 96 h. After 2 h incubation, the absorbance of cells was measured at 450 nm using a microplate reader (Bio-Rad, 3550, Hercules, CA, United States).
For the colony formation assay, stably transfected cells were seeded onto 6-well plates at 1×10 3 cells per well in triplicate. The media was replaced every 3 days. Two weeks later, colonies were fixed with 100% methanol for 15 min and stained with 0.5% crystal violet for 30 min. The colonies numbering more than 50 cells were considered to be clones and counted.
Flow cytometry assays
The transfected HCC cells were washed twice with PBS and harvested. Then, cells were stained with 5 μl of Annexin V-FITC and with 5 μl of PI solution (BD Biosciences, San Jose, CA, USA) for 15 min at room temperature. Flow cytometric analysis was performed using a two-color fluorescence-activated cell sorting (FACS) analyzer (Beckman Coulter, cytomics FC 500, CA, USA) to detect apoptosis.
Cell migration and invasion assay
A total of 4 × 10 4 various cells in 100 μl serum-free DMEM medium were plated into the upper chamber of an 8 μm pore membrane (Costar, Corning, NY, USA) coated with Matrigel (BD Matrigel™ matrix; BD Bioscience, Heidelberg, Germany) (invasion) or without Matrigel (migration) and to the lower chamber, 600 μl complete medium was added as a chemoattractant. After incubation for 36 h, the non-invading cells were scraped with a cotton swab and the membranes were then fixed with 100% methanol and stained with 0.5% crystal violet. The membranes were photographed using a digital light microscope and five fields were selected randomly to obtain the mean cell number on each membrane.
Western blot analysis
Protein was extracted from cultured cells using RIPA lysis buffer (Cell Signaling Technology, Danvers, MA, USA) supplemented with protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Identical quantities of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinyl difluoride (PVDF) membrane (Bio-Rad). After blocking with 5% skim milk for 2 h at room temperature, the membranes were incubated with antibody overnight at 4°C. 
Animal experiments
Six-week old NOD/SCID female mice were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai). Thirty-two nude mice were randomized into four groups of 8 nude mice each. All animal experiments were approved by the institutional animal care and use committee of Fujian Medical University. All procedures were in accordance with the animal care and use committee of the institution and conformed to legal mandates and national guidelines for the care and maintenance of laboratory animals. 1 × 10 7 Hep3B cells stably expressing control vector or FOXC2 shRNA were subcutaneously injected into the left flank of SCID mice. The size of the tumor was monitored every week using a caliper along two perpendicular axes. After 5 weeks following cell injection, mice were sacrificed, and tumors were excised, weighed, and subjected to IHC staining.
Statistical analysis
All statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, IL, USA). The Student's t-test was used to compare the differences between experimental and control groups. The correlation between FOXC2 expression and the clinicopathological parameters was evaluated using the Pearson chi-square test. Survival plots were analyzed by Kaplan-Meier analysis, and the log-rank test was used to assess the significance of the differences. Differences were defined as statistically significant for p-values < 0.05.
Results

Aberrant overexpression of FOXC2 in HCC tissues and cell lines
To characterize the role of FOXC2 in HCC, we analyzed the expression of FOXC2 in 84 paired HCC tissues and corresponding adjacent tissues using qRT-PCR. Our results showed that the mRNA expression of FOXC2 was significantly upregulated in HCC tissues compared with paired normal tissues (Fig. 1A) . Interestingly, the FOXC2 mRNA expression level was markedly correlated with the TNM stage of HCC patients (Fig. 1B) . Furthermore, compared with an immortalized hepatic epithelial cell line LO2, the protein expression of FOXC2 was markedly increased in all four HCC cell lines (SMMC-7721, HepG2, Hep3B, and MHCC-97H) (Fig. 1C) . These results indicate that increased FOXC2 expression may be critically involved in HCC progression.
High FOXC2 expression is correlated with poor prognosis in HCC
To determine whether the protein level of FOXC2 changed in HCC tissues, we performed IHC assays to further analyze the expression of FOXC2 in HCC tissues and paired adjacent tissues. The results revealed that the protein level of FOXC2 was more commonly upregulated in HCC tissues compared with normal counterparts (Fig. 2A) . The relationships between FOXC2 expression in the HCC samples and the patients' ages, gender, tumor size, tumor number, HBsAg, Cirrhosis, serum AFP, venous invasion, and TMN stages are shown in Table  1 . High FOXC2 expression was significantly associated with larger tumor size (P = 0.0065), vascular invasion (P = 0.0093), and TNM stage (P = 0.0003). However, there was no significant correlation between FOXC2 expression level and other clinicopathological features. Furthermore, Kaplan-Meier survival analysis revealed that HCC patients with high FOXC2 expression had a shorter overall survival time than those in the low FOXC2 expression group (Fig. 2B) . In addition, the overall survival rate of the TNM stage Ⅲ group was significantly worse than that of the TNM stageⅠ-Ⅱ group (Fig. 2C ). These observations suggest that increased expression of FOXC2 is associated with the progression and development of HCC. (Fig.  3A) . The CCK-8 assay results indicated that knockdown of FOXC2 significantly reduced MHCC-97H and Hep3B cell viability compared with scramble controls (Fig. 3B) . Apoptosis analysis was used to assess the role of FOXC2 in HCC cell apoptosis and showed that FOXC2 depletion led to a significant increase in apoptosis (Fig. 3C) . In addition, colony formation assays indicated that FOXC2 silencing obviously decreased the colony formation ability of MHCC-97H and Hep3B cells compared with scramble cells (Fig. 3D) . These results suggest that FOXC2 plays an important role in HCC cell proliferation.
FOXC2 silencing inhibits proliferation and growth of HCC cells in vitro
Knockdown of FOXC2 impairs HCC cell migration and invasion
We continued to explore the effects of FOXC2 on HCC invasion in vitro. Transwell assays demonstrated that cell migration and invasion were significantly suppressed in HCC cells transduced with shFOXC2 compared with cells transfected with scramble ( Fig. 4A and B) . To evaluate the effects of FOXC2 knockdown on HCC cell proliferation and invasion, the expression of proliferation-related genes (p-AKT), apoptosis-related genes (cleaved PARP, cleaved Caspase-3 and BCL-2), and invasion-related genes (MMP-2 and MMP-9) were detected by Western blotting analysis. The depletion of FOXC2 significantly decreased the expression of BCL-2, p-AKT, MMP-2, and MMP-9 in MHCC-97H and Hep3B cells, whereas the expression levels of cleaved PARP and cleaved Caspase-3 were increased (Fig. 4C) . However, the expression level of total AKT was unaltered (Fig. 4C) . These results suggest that FOXC2 promotes HCC cell migration and invasion.
Stable silencing of FOXC2 reduces tumor growth in a xenograft model
We further investigated the effect of FOXC2 knockdown on HCC tumor growth in vivo. Hep3B cells transduced with scramble or shFOXC2 were subcutaneously injected into the flanks of nude mice. As shown in Fig. 5A , for tumors from Hep3B with knocked-down FOXC2, tumor size was significantly smaller than in the scramble group. Both tumor weight speed and tumor growth were also significantly inhibited when FOXC2 was knocked down (Fig.  5B and C) . In addition, we performed IHC to determine whether knockdown of FOXC2 can reduce the expression of Ki-67 in tissues taken from tumors in nude mice. Consistent with our in vitro results, knockdown of FOXC2 markedly decreased the protein expression level of To the best of our knowledge, this is the first study exploring the relationship between FOXC2 and HCC progression, and our findings indicate that FOXC2 may serve as a novel therapeutic target in HCC patients.
Despite previous studies that have demonstrated that FOXC2 has a major role in the progression of tumors, its role in tumor growth and metastasis appears to be more complex. The overexpression of FOXC2 has been found to be correlated with poor prognosis of patients and promotes proliferation, EMT, and metastasis via AKT or ERK/GSK-3β signaling in colorectal cancer [14, 18] . FOXC2 has been reported to play a crucial role in invasion, metastasis, EMT, and stem cell-like properties in breast cancer [17, 19, 20] . Additional studies have shown a starkly inverse association between FOXC2 and E-cadherin expression in non-small cell lung cancer and squamous cell carcinoma. The molecular mechanism behind this correlation was shown to be that FOXC2 downregulates p120-catenin, which directly suppresses the promoter activity of E-cadherin [21] . FOXC2 has been reported to enhance AKT activity to promote cell proliferation and invasion [13, 22, 23] . In our study, we found that FOXC2 is upregulated in HCC tissues and that high FOXC2 expression is correlated with poor prognosis, suggesting that FOXC2 contributes to the acquisition of the aggressive properties of HCC cells. Further study found that shRNA-mediated FOXC2 silencing inhibited cell proliferation and reduced the expression of Ki-67 in vitro and in vivo.
In conclusion, this is the first report to describe that FOXC2 acts as an oncogene in HCC. High FOXC2 expression correlates with poor overall survival, vascular invasion, and advanced TNM stage. Further studies assessed the biological function of FOXC2 on HCC cells in vitro and in vivo, suggesting that inhibition of FOXC2 expression in HCC is a promising molecular target for patients with HCC.
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